Under suitable conditions, the skin is a potential portal of entry for a wide variety of infectious agents which may be either bacterial, viral, protozoal or fungal. In the absence of injury, the epidermis is usually highly resistant to most infections and with certain exceptions, principally among the viruses, the establishment of a bridgehead of infection usually involves the introduction of the pathogen into the dermis, either at sites of trauma or through the activities of biting arthropods. The skin is exposed to injury not only in the more obvious form of wounding but also subclinically as a result of friction, sunlight, dirt, ectoparasites, superficial infection and other factors. Some areas are partly protected by the presence of an overlying coat of hair or fur, but no regions are entirely exempt from injury.
The epidermis is the outermost tissue of the body and the one with the greatest liability to injury. As a result of its structural characteristics and its nonspecific reactions to trauma, the epidermis constitutes a barrier to the entry of extraneous infection which can be further reinforced by the immigration of polymorphs and macrophages into the epidermal interstitial spaces. Invasion of the dermis is only likely to occur under circumstances in which these epidermal defences have been breached.
In this Address, an attempt will be made to indicate some of the ways in which the reactions of the epidermis to injury contribute to the maintenance of its function as a surface barrier or, in the case of certain infections, predispose it to infection.
The Normal Structure, Growth and Differentiation ofEpidermis Several factors contribute to the protective efficacy of the mammalian epidermis. These include the formation of tough surface layers of keratin, the development of numerous intercellular attachments, and also the fact that the epidermis is in a constant state of renewal.
The pattern of growth in the epidermis is influenced by the structural relationship of the epidermis to the blood vessels. In normal skin, the basal cells are anchored to a basement membrane which intervenes between the epithelium and the dermal capillaries which are the principal source of oxygen. Normally, cell division is confined to the basal layer which, so far as the availability of oxygen is concerned, is the most favourable site. The work of Greulich (1964) on epithelial growth in the cesophagus suggests that the differentiation of basal cells into prickle cells may perhaps be initiated simply through being displaced into an environment farther away from the source of oxygen, as a result of population pressure in the basal layer. Squamous epithelia show marked regional variations in growth and structure (Fig 1) . The metatarsal pad in the guinea-pig, for example, which is normally exposed to injury, receives some protection from its dense stratum comeum and it has a much thicker epidermis than the well-protected skin of the flank. However, the proportion of cells entering mitosis during a given period is similar in these two situations and, in view of the differences in epithelial thickness and cell population, this implies a greater output of new cells in the metatarsal pad. This is not due to increased mitotic activity in the basal layer, but instead to an increased extent of the basal layer in relation to the surface owing to the numerous rete pegs which are present. Indeed, the mitotic activity per unit length of basal layer is similar in the pad, flank and ear and presumably represents an optimum level peculiar to the skin. Rete pegs thus contribute to epithelial growth by extending the area of the basal layers. The very rapid rate of renewal of the epithelium of the tongue, however, is attributable not only to the extensiveness of the basal layer but also to its inherently high mitotic activity. These regional morphological differences are inborn, permanent characteristics which persist to a large extent even when skin is grafted to another part of the body. Billingham & Silvers (1963) have suggested that the differences are perpetuated by some sort of somatic cellular heredity mechanism. It seems reasonable to suppose that in chronically injured sites, such as the feet and the mouth, these innate structural peculiarities have arisen as evolutionary adaptations to persistent injury and the necessities of cellular replacement. In the intact animal, not much is known about the composition of the tissue fluid in the epidermis. It has been suggested that basement membranes may act as ionic sieves, restricting the passage of certain ions from the dermis into the epidermis (Salpeter & Singer 1960) . Whether or not this is so, the basement membrane of uninjured guinea-pig skin can limit the passage of particles and of molecules of the size of iron dextran (m.w. 7,000) (Platt 1963a) . It is possible that the basement membrane may selectively alter the composition of the tissue fluid filtering through it into the epidermis. Also, it would not be surprising if the products of autolytic breakdown associated with keratinization processes in the upper layers of the epidermis made some contribution to the nutrition of the deeper layers. In view of these possibilities, it cannot be assumed that the nutritive environment of the epidermal cells is necessarily identical with that in the dermis. The character of the intra-epidermal tissue fluid is likely to be altered after injury as a result of local vascular permeability and damage to the basement membrane. It is conceivable that changes of this type might play some part in the development of surface activity in epidermal cells near wounds (see below).
Reactions ofthe Epidermis to Wounding
When epidermis is wounded, the local epidermal cells undergo a complex series of reactions involving activation of their cell surface movements, phagocytosis, migration, cytochemical changes and mitosis. These reactions can be conveniently studied around small epidermal injuries in guinea-pigs, such as those produced by intra-epithelial inoculation of the metatarsal pads (Platt 1961 (Platt , 1963a or small incisions in the pinna of the ear (Hell & Cruickshank 1963) . Around needle tracks in the metatarsal pads, phagocytosis is occasionally demonstrable as early as 3-6 hours after an inoculation of indian ink but the most active phagocytic uptake occurs in the cells
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Hairy skin Ear Tongue Prepuce Section ofComparative Medicine migrating across the floor of the track during the period 12-18 hours. Usually the epidermal defect becomes 'bridged' by [18] [19] [20] [21] [22] [23] [24] hours and about this time a burst of mitosis develops in the cells bordering the track. Epidermal injury is accompanied by a marked accumulation of stainable glycogen in a wide zone around the wound (Platt 1963a) , increased synthesis of DNA (Hell & Cruickshank 1963) , and later of RNA and protein (Baden & Pearlman 1964) .
(1) Phagocytosis by epidermal cells: The phagocytic capacity of epidermal cells is demonstrable in all layers of the epidermis below the stratum granulosum and, once indian ink has been taken up, it is retained in the perinuclear region until the cells are exfoliated, so that for some days after inoculation cells 'marked' in this way are present at various levels in the malpighian layer and there are carbon-containing keratinized squames in the stratum corneum. Besides carbon, the cells will take up saccharated iron oxide, carmine, iron dextran and heat-killed staphylococci. Erythrocytes extravasated into the track at the time of inoculation are also engulfed, so that 4-5 red cells may be found inside a single epidermal cell. Epidermal cells are thus phagocytic towards a wide variety of particle types and sizes.
Recent electron microscopical studies of phagocytosis in epidermal cells (Platt, Passingham & Read, 1966 , to be published) have shown that, as a result of the injury produced by the inoculation, the intercellular spaces near the needle track become widened and there is a general stimulation of cell membrane activity. In addition to numerous microvilli, the cell surfaces develop phagocytic invaginations to form vacuoles and it is in this way that carbon particles are taken into the cell. The particles are then transported in these vacuoles and also in multivesicular bodies from the cell surface to the perinuclear region. Here they become associated with vesicular and membranous elements derived from the Golgi complex (Fig 2) . Particle-containing areas in the perinuclear region usually become enclosed by limiting membranes. These segregated areas, which sometimes also include mitochondria and ribosomal material, resemble the cytolysomes which occur in injured liver and pancreas cells.
To some extent, incorporation of extracellular fluid is probably a normal process in epidermal cells, especially those in the deeper layers of the epidermis. In many of these cells, moderately dense cytoplasmic vesicles structurally similar to micropinocytosis vesicles in other cell types can be demonstrated, and these apparently originate from small invaginations of the plasmalemma (Fig 3) . Thus, the striking phagocytic activity which occurs in the cells near the wound may be merely an exaggerated manifestation of a normal physiological mechanism in epidermal cells. The intracellular fate of materials of a more digestible character than carbon particles is not yet clear but they are presumably broken down by lysosomal enzymes. This aspect is likely to become clearer when further information is available concerning the distribution and release of these enzymes in epidermal cells.
(2) The proliferative response: In their studies on the proliferative response of ear epidermis to injury, Hell & Cruickshank (1963) found that the epidermal cells rapidly start to synthesize DNA and there is a shortening of the cell cycle time to 8-12 hours. Some of the cells are apparently synthesizing in synchrony so that the population shows a phasic pattern of DNA synthesis. In the early stages after wounding, there is mitotic suppression (Hell 1963 ) but at about 12-16 hours the cells start to divide. Sullivan & Epstein (1963) have reported that in man the mitotic response is also phasic, with bursts of mitotic activity separated by short periods of quiescence. How mitosis is initiated in wounded epidermis is not clearly understood. Bullough & Laurence (1961) have advanced persuasive evidence that mitosis is normally held in check by an inhibitor, which diffuses away once the cells are injured. On the other hand, the alternative viewthat wounded epidermis releases something in the nature of a mitosis-stimulating substance or 'wound hormone' -has not been refuted, and Abercrombie (1964) has emphasized that these two alternatives should not necessarily be regarded as mutually exclusive.
(3) Invasion of injured epidermis by neural elements: Stripping the skin with Scotch tape produces a burst of cell division two to three days later in the local epidermis (Pinkus 1951 (Pinkus , 1952 . Increased mitosis is not confined solely to the area stripped but includes a neighbouring unstripped zone, while prolonged stripping produces dermal inflammatory changes. Allenby et al. (1965) have reported that when the skin of the human trunk is injured in this way there is invasion of the epidermis by nerve fibres and Schwann cells. Ferreira-Marques (1951) has also reported the presence of Schwann cells in the epidermis following injury. Normally, intraepidermal nerve fibres are very rare in the trunk and limbs in man, although they occur in the skin of the palm, but Schwann cells are not normal inhabitants of the epidermis in any region Section of Comparative Medicine (Weddell et al. 1965) . The effect of stripping is to cause an increased 'turnover' of neural elements in the upper dermis, with exaggerated proliferation and degeneration of nonmyelinated nerve fibres. The invasion of the epidermis by nerve fibres and Schwann cells is most marked at 48 hours and is receding at 72 hours. The picture which is thus transiently produced is very similar to that which Weddell et al. (1965) have described as a feature of psoriasis. The mechanism of the effect is not clear but the authors have suggested that there may be a close interrelationship between epidermal and neural growth processes. However, it is possible that the phenomenon is an aspect of the regenerative response of dermal nerve fibres to injury sustained during the stripping process.
The Entry ofInfection into the Epidermis Intact epidermis presents an effective barrier to most micro-organisms with the possible exception of the leptospirm (Alston & Broom 1958) but, when this surface continuity is lost, the dermis may be exposed to infection. In a disease such as ectromelia, the dermis is considerably more susceptible than the epidermis (Roberts 1962) and small surface injuries are probably important in allowing entry of the virus into the body (Fenner 1948) . The ability of the epidermis to occlude surface gaps by epidermal cell migration is a significant aspect of its defensive function. However, apart from injuries which penetrate or destroy the local epidermis completely, the skin is constantly exposed to minor injuries which may abrade the stratum corneum and expose the cells of the malpighian layer to infection. The skin is the habitat of a variety of bacteria, some of which are potential pathogens, and it seems very likely that, at times, some of these get deeply implanted into the epidermis. Epidermal phagocytic activity may serve a useful purpose in dealing with these minor intrusions and also in the removal of potentially antigenic material from the intercellular spaces. It may be particularly valuable if the degree of injury is insufficient to elicit a significant polymorph reaction. Virus particles presumably undergo a similar fate and those which are nonpathogenic for epidermal cells probably undergo intracellular disposal but, in the case of epidermotropic viruses, phagocytosis by an epidermal cell may assist the virus in the initiation of cellular infection. The epidermis possesses another defence mechanism against the establishment of infection in the form of its ability to proliferate rapidly in response to injury. This has the effect of speeding up the exfoliation of any recently damaged epidermis, together with any bacteria or intra-epidermal foci of infection. These nonspecific reactions of the epidermis to 9 injury are likely to make an important local contribution to the resistance of the epidermis to infection.
There are some pathogens to which the epidermis is particularly susceptible. In sheep, the actinomycete Dermatophilus congolensis probably enters the epidermis through minute breaks in the stratum corneum, especially in areas where the protective sebaceous film is defective. It multiplies freely and destroys the cellular layers but shows no tendency to invade deeper tissues, possibly because of the barrier of polymorphs which develops below the infected epidermis (Roberts 1965) . Among the dermotropic virus infections are several which produce local lesions in the mouth and other sites of injury, presumably as a result of local implantation into the epithelium (Platt 1963b) . Persistent injury enhances the susceptibility of epidermis to some viruses and increases the likelihood of infection becoming established. The susceptibility of the rabbit to infection with the Shope papilloma virus can be enhanced 10,000 times by application of irritants to the skin to make it hyperplastic (Friedewald 1944) . The virus of foot-and-mouth-disease normally multiplies well only in areas of the skin which are being constantly traumatized. When susceptible epithelium from the feet or the mouth is grafted to the side of the chest, where it is exempt from injury, it loses most of its susceptibility (Platt 1960) . Skinner & Knight (1964) have recently shown that this effect of injury on susceptibility may have practical implications when strains of foot-andmouth disease virus of reduced dermotropicity, such as those used as live virus vaccines, are tested in the metatarsal pads of guinea-pigs. Some strains gave no reaction if the guinea-pigs were kept in flat-bottomed tins, but produced marked local and sometimes generalized reactions if the animals were kept in cages with wire floors. In carefully controlled experiments it was shown that the flooring is the critical factor and one is forced to conclude that the susceptibility of the epidermis is much increased when it is exposed to mechanical stresses. Wounding also increases the susceptibility of the pads for a period of about four days after its infliction. This type of effect might be important in cattle vaccinated with live virus strains of reduced dermotropicity, since the presence of coincidental wounds in sites such as the feet and the mouth might increase the likelihood of the attenuated virus undergoing multiplication there, with the production of clinical lesions and the possibility of a re-assertion of its full epidermotropic character. The conditions underlying cellular susceptibility are imperfectly understood. Increased phagocytic activity in injured epithelium is likely to be a 16 contributory factor but, in view of the complexity of the processes of virus infection, it is unlikely to be the sole determinant. A more complete explanation is probably to be sought in the nucleic acid metabolism of recently injured epidermal cells.
At present one can only speculate upon the possible significance of intra-epidermal neural elements for the entry of neurotropic agents into the skin, but there are several diseases in which they might well be important. In herpes zoster, the virus is believed to spread centrifugally down a peripheral nerve after reactivation of a latent infection (Hope-Simpson 1965) . The absence of generalization in the majority of cases and the localization of the infection to a particular nerve pathway suggest that cell-to-cell spread may well be important in the propagation of the infection down the nerve. The skin lesions in the affected dermatome develop in the deeper layers of the epidermis and, while it is possible that epidermal infection results simply from virus release at the dermal nerve endings, invasion of the epidermis by infected Schwann cells and nerve fibres might perhaps be a possible alternative mechanism of infection. Among infections entering the skin from the exterior, entry of the causal agent of leprosy may perhaps be facilitated by the presence of neural elements in the epidermis (Allenby et al. 1966) . In Aujeszky's disease of cattle, infection is believed to occur through epidermal abrasions (Shope 1935) and it seems likely that in recently injured skin, in which neural invasion into the epidermis has occurred, the degree of trauma required to bring the virus into contact with nervous tissue would be very much less than in the normal skin and probably of a degree that would escape observation clinically. Circumstances of this type may also underlie some of the occasional cases of human rabies in which infection is reported to have occurred through apparently intact skin (van Rooyen & Rhodes 1948).
Conclusions
Injury and coincidental infection are likely to have been closely linked as environmental influences in the evolution of the protective function of the mammalian epidermis, and it is not surprising to find that the epidermal reactions to trauma might have the effect of excluding or minimizing infection. Some viruses, however, are able to exploit the altered cellular conditions produced by injury. When infection enters the epidermis, the outcome is thus likely to depend upon the interplay between the biological properties of the infectious agent and the structural, physiological and biochemical changes associated with the epidermal response to injury.
